We found that platinum (Pt) nanoparticles, upon annealing at high temperature of 1000°C, are engulfed into amorphous fused-silica or thermal oxide silicon substrates. The same phenomenon was previously published for gold (Au) nanoparticles. Similar to the Au nanoparticles, the engulfed Pt nanoparticles connect to the surface of the substrates through conical nanopores, and the size of the Pt nanoparticles decreases with increasing depth of the nanopores. We explain the phenomena as driven by the formation of platinum oxide by reaction of the platinum with atmospheric oxygen, with platinum oxide evaporating to the environment. We found that the use of Pt provides much better controllability than the use of Au. Due to the high vapor pressure of platinum oxide, the engulfment of the Pt nanoparticles into oxidized silicon (SiO 2 ) substrates is faster than of Au nanoparticles. At high temperature annealing we also find that the aggregation of Pt nanoparticles on the substrate surface is insignificant. As a result, the Pt nanoparticles are uniformly engulfed into the substrates, leading to an opportunity for patterning dense nanopore arrays. Moreover, the use of oxidized Si substrates enables us to precisely control the depth of the nanopores since the engulfment of Pt nanoparticles stops at a short distance above the SiO x /Si interface. After subsequent etching steps, a membrane with dense nanopore throughholes with diameters down to sub-30 nm is obtained. With its simple operation and high controllability, this fabrication method provides an alternative for rapid patterning of dense arrays of solid-state nanopores at low-cost.
Introduction
Solid-state nanopores have attracted much scientific interest due to their excellent properties including size-tunability, high reliability and stability, easy modification and integration [1] [2] [3] [4] . Among potential applications in sensing [5] , separation [6] , purification [7, 8] , solid-state nanopores are intensively used for DNA sequencing and protein detection [9] [10] [11] . Many methods have been reported to fabricate solid-state nanopores, which can be separated in two categories namely high-energy beam sculpting [12] [13] [14] and conventional manufacturing [15] [16] [17] [18] [19] [20] . Although high-energy beam based methods can precisely produce nanopores in silicon nitride or silicon oxide with diameters down to approximately 1 nm, these methods are time-and labor-intensive, and require dedicated systems. Therefore, high-yield fabrication of solid-state nanopore arrays is not possible at low-cost. Conventional methods, for example mask etching [15, 17] , nanoimprinting [16] , electrical breakdown [19] , offer a high production rate, but lack precise control of both reproducibility and pore dimensions. Surwade et al reported the fabrication of a nanoporous graphene film by using oxygen plasma etching of graphene [8] . Although nanopores with the diameter of 0.5-1 nm can be produced, this fabrication method is limited to graphene only. Therefore, a robust and simple fabrication method for high-yield patterning of dense arrays of solid-state nanopores at low-cost is necessary.
Recently, de Vreede et al reported the engulfment of Au nanoparticles into amorphous fused silica substrates at high temperature [21] . Annealing at approximately 1050°C, Au nanoparticles are found to become engulfed perpendicularly into the substrates, leaving a nanopore connection to the substrate surface. Using this observed phenomenon, closedend nanopores with diameters of approximately 25 nm, and lengths up to 800 nm were fabricated into amorphous fusedsilica substrates. Although this proved a simple method for making solid-state nanopores through membranes [22] , it is difficult to precisely control the uniformity in the engulfment depth of Au nanoparticles, or the dimension and uniformity of the nanopores. Moreover, the aggregation of Au nanoparticles at high temperature limits the use of this method for making dense arrays of solid-state nanopores.
In this paper, we report an alternative method to fabricate dense arrays of silicon oxide nanopores by annealing Pt nanodots supported directly on the surface of oxidized Si substrates at high temperature. The use of Pt nanoparticles leads to an opportunity for patterning dense nanopore arrays due to their insignificant aggregation at high temperature compared to Au nanoparticles. In addition, the use of oxidized Si substrates enables us to precisely control the depth of the nanopores since the engulfment of Pt nanoparticles stops above the SiO x /Si interface. Using this combination with subsequent etching steps, we successfully demonstrate the fabrication of dense arrays of silicon oxide nanopore throughholes with diameters down to sub-30 nm
Materials and methods
Patterning dense arrays of Pt nanodots on thermally oxidized Si wafers Figure 1 shows the fabrication process for patterning arrays of Pt nanodots supported on the surface of thermally oxidized (∼100 nm thick SiO 2 ) 4 inch Si wafers (525 μm thick, Okmetic, Finland), without the use of additional adhesion layers. Briefly, ultraviolet (UV)-based displacement Talbot lithography (DTL, PhableR 100 C, Eulitha) was used to pattern periodic ∼300 nm diameter nanoholes with ∼400 nm pitch into a positive photoresist (PR) layer of 200±1.5 nm thickness (PFI88 photoresist diluted 1:1 with propylene glycol methyl ether acetate (PGMEA), Sumitomo Chemical Co., Ltd). These nanoholes which were subsequently transferred at a 1:1 ratio into a bottom anti-reflection layer coating (BARC) layer of 187±2 nm thickness (AZ BARLi II 200) by using nitrogen (N 2 ) plasma etching in a parallel plate reactive ion etching system (in-house built TEtske system, MESA+, NanoLab) at wafer-level, 13 mTorr, and 25 W for 8 min [23] . These PR/BARC nanoholes were then used as a template for the fabrication of Pt nanodots using a lift-off process. To improve the adhesion strength of Pt with SiO 2 , the patterned wafer was treated with UV-ozone (PR-100 UV-ozone Photoreactor, UVP Inc.) for 5 min after the sputtering of a Pt layer using an ion-beam sputtering system (in-house built T'COathy system, MESA+, NanoLab) [24] . By performing the liftoff process in a 99% nitric acid (HNO 3 ) solution, dense arrays of Pt nanodots supported on the surface of oxidized Si wafers were obtained.
High temperature annealing of Pt nanodots on oxidized Si substrates
The fabricated Pt nanodots were annealed at high temperature by using a furnace (TSD-12 furnace, Toma, Netherlands) in environmental air. Different annealing recipes were conducted to investigate the effects of the annealing temperature and time on the dewetting of Pt nanodots into Pt nanoparticles, and the engulfment of the Pt nanoparticles into the oxidized Si substrates. It is worth to mention that the furnace was closed completely during the annealing processes.
Manufacturing membranes with dense arrays of sub-30 nm nanopores Figure 2 show the fabrication process for manufacturing membranes with dense arrays of through-hole sub-30 nm nanopores, using the prior engulfment of Pt nanoparticles into an oxidized Si substrate. Briefly, an oxidized Si substrate containing engulfed Pt nanoparticles (figure 2(a)) was wet etched in a 25% potassium hydroxide (KOH) solution at 75°C, to selectively remove the bulk Si from the backside (figure 2(b)). Thereafter, a dry etching process of SiO 2 was conducted from the backside of the sample in a parallel plate reactive etching system (in-house built TEtske system, MESA+, NanoLab) using a mixture plasma of 25 sccm fluoroform (CHF 3 ) and 5 sccm oxygen (O 2 ) at 10 mTorr, and 60 W for 1 min and 30 s, to thin down the SiO 2 layer to reach the Pt nanoparticles (figure 2(c)). Subsequent etching of the sample in a mixture solution of 30% HNO 3 and 27% hydrochloric acid (HCl) at a ratio of 1:9:20 -HNO 3 :HCl:H 2 O at 90°C, for 10 min, resulted in a removal of the Pt nanoparticles, thus opening the nanopores (figure 2(d)).
Characterization
High resolution scanning electron microscope (HR-SEM) images were captured by using a FEI Sirion microscope at a 5 kV acceleration voltage and a spot size of 3. The surface topography of structures was measured by using an atomicforce microscopy (Dimension Icon, Bruker Corp.) in contact mode in air. The thickness of the sputtered Pt layers and the SiO 2 layers was measured by using an ellipsometer system (M-2000UI, J A Woollam Co.) at an angle of 75°. Sample for transmission electron microscopy (TEM) was prepared by using a focused ion beam (FIB) system (FEI Nova 600 NanoLab FIB). The TEM specimen was measured by using a TEM system (FEI Tecnai F20) at a 200 kV acceleration voltage.
Results and discussion
Patterning dense arrays of Pt nanodots on oxidized Si substrates Figure 3 shows the HR-SEM images of periodic Pt nanodots supported on the surface of an oxidized Si wafer, without additional adhesion layers. The top-view HR-SEM image shows a well-fabricated pattern of Pt nanodots (400 nm pitch) of approximately 300 nm in diameter ( figure 3(a) ). It is remarkable that all the Pt nanodots remained on the substrate surface after the lift-off process in the HNO 3 solution, thus indicating a good adhesion of Pt to SiO 2 obtained after treating the patterned wafer with UV-ozone for 5 min (see figure 1 ). The thickness of the sputtered Pt layer measured using the ellipsometer system was approximately 12.5 nm. The cross-sectional HR-SEM image shows residues of Pt at the edge of the patterned Pt nanodots ( figure 3(b) ). This phenomenon is typically encountered when using the lift-off process, and is caused by the sticking of unwanted metals deposited on the sidewall of PR patterns [25] . The fabricated Pt nanodot arrays were subsequently used to investigate the dewetting and engulfment process into the oxidized Si substrates by annealing at different temperatures. High temperature annealing of Pt nanodots Figure 4 shows the HR-SEM images of Pt nanodots after annealing at different temperatures, i.e. 700°C, 800°C, 900°C, 1000°C, for 5 h (figure S1, supporting information is available online at stacks.iop.org/NANO/30/065301/ mmedia). It clearly shows that the shape and dimension of the Pt nanodots changed after annealing at 700°C for 5 h, indicating Pt mobility and consequent dewetting at this relatively low temperature (700°C) when compared to the melting temperature of Pt (∼1768°C). Such dewetting of Pt nanodots on SiO 2 surfaces at low temperature has been reported in literature [26] . Increasing the annealing temperature to 800°C resulted into Pt nanoparticles with a more hemispherical shape. However, annealing at 900°C for 5 h led to a significant reduction in the Pt nanoparticle circumference (figures S2 and S3, supporting information). We attribute this to the evaporation of platinum oxide via the oxidation of platinum at this temperature (900°C) [27, 28] . Figure 5 shows that these Pt nanoparticles started to become engulfed into the SiO 2 layer, though at a relatively low uniformity. Several Pt nanoparticles were found to be completely engulfed, whereas other Pt nanoparticles had a ridge formation of SiO 2 around their perimeter (figures S2 and S3, supporting information). Remarkably, these Pt nanoparticles were uniformly engulfed into the SiO 2 layer with only insignificant aggregation when compared to Au nanoparticles after annealing at 1000°C for 5 h (figure S4, supporting information). Such a higher thermal stability of Pt nanoparticles compared to Au nanoparticles on SiO 2 substrates has also been observed by other investigators [29, 30] . By the engulfment, closed-end conical nanopores were formed in the SiO 2 layer with an end-diameter of sub-10 nm and a length of approximately 185 nm. It is noted that the thickness of the initial 100 nm thick SiO 2 layer further increased during the annealing process. Details of the proposed engulfment mechanism are given in the next section. It is worth to mention that the engulfment of all Pt nanoparticles stopped at a defined distance above the SiO x /Si interface, thus leading to a precise control of the nanopore depth over large areas. This could be because the layer under the Pt nanoparticle is not fully oxidized to SiO 2 [31] , or because stress is formed in this layer [32] , which then leads to a decrease in the mobility of silicon oxide around the Pt nanoparticle surface. Both mechanisms could explain the termination of the engulfment of the Pt nanoparticle. 
Mechanism of the engulfment of Pt nanoparticles in oxidized Si substrates
To investigate the engulfment mechanism of the Pt nanoparticles into oxidized Si substrates, we measured the crosssection of an engulfed Pt nanoparticle connected to the substrate surface through a nanopore, using a TEM. A clear evidence of a flat crystal facet was observed at the upper side of the engulfed Pt nanoparticle ( figure 6) . A similar formation of crystal facets at the top of engulfed Au nanoparticles has been observed and reported by de Vreede et al [21] . In their paper, the engulfment of Au nanoparticles is attributed to the continuous evaporation of Au causing a constant change in the structural geometry, thus leading to the continuous migration of silica from below the Au nanoparticle to the triple line at its top in order to maintain equilibrium. As a result, the Au nanoparticle moves perpendicularly into the substrate. Assuming the Au evaporation was rate-limiting for the process, the engulfment depth as function of the annealing time could in good approximation be predicted [21] . This model did not include a description for the migration of silica along the nanoparticle, which process was recently modeled as driven by diffusiophoresis of Au in a nanometer thin viscous layer surrounding the Au nanoparticles [33] . We attribute the engulfment of Pt nanoparticles in oxidized Si substrates to comparable processes. It has to be noted that the platinum oxide evaporates faster than gold in atmospheric oxygen at high temperature as its vapor pressure is one order of magnitude higher than that of gold [34] . Further experimental verification is ongoing in order to confirm the reliability of the model, especially for the engulfment of Pt nanoparticles [35] . In addition, the influence of oxygen on the engulfment process can be further investigated by annealing the Pt nanoparticles in inert gases, i.e. N 2 or Ar.
In this paper, we apply the engulfment of Pt nanoparticles into oxidized Si substrates (figure 7) to fabricate dense arrays of through-hole sub-30 nm nanopores in a silicon oxide layer, combining wet etching and dry etching techniques (see next section). Manufacturing membranes with dense arrays of sub-30 nm nanopores Figure 8 shows HR-SEM images of an array of nanopores fabricated in a silicon oxide (SiO 2 ) layer of approximately 160 nm thickness. The top-view HR-SEM image ( figure 8(a) ) taken at the edge of the Si substrate (red dash line) shows a clear difference in the contrast between the through-hole nanopores (black) created into the free-standing SiO 2 area and the closed-end nanopores (gray). This indicates the success of the pore opening process from the backside of the SiO 2 layer (see figure 2) . From the observation, almost all nanopores were opened (∼95%). In addition, a well-ordered pattern of through-hole nanopores was obtained. The cross-sectional image ( figure 8(b) ) confirms the opening of the nanopores with diameters down to sub-30 nm (figure S5, supporting information). The average top-diameter of the nanopores was approximately 31.9 nm with a variation (standard deviation) of 6.5 nm. The through-hole nanopores have a conical shape due to the continuous evaporation of the Pt nanoparticles during the engulfment. Further optimization and timing of the etching processes, especially of the final SiO 2 dry etching step, is expected to produce through-hole nanopores of even smaller end-diameters as the closed-end nanopores had enddiameters in the sub-10 nm range (figure S6, supporting information). Moreover, subsequent conformal deposition of a silicon nitride layer or an aluminum oxide layer can also probably reduce the nanopore diameter [10] .
Conclusion
In summary, we report an alternative method to fabricate solid-state nanopores into oxidized Si substrates by annealing Pt nanodots supported directly on the substrate surface at high temperature. Compared to the previous approach using Au, we found that Pt nanoparticles were engulfed faster into the oxidized Si substrates, even though Pt has a higher melting temperature (∼1768°C) than Au (∼1064°C). We attribute this to the formation and subsequent evaporation of volatile platinum oxide in atmospheric environment. In addition, the aggregation of Pt nanoparticles was found to be insignificant compared to that of Au nanoparticles annealed at the same temperature, thus leading to an opportunity to pattern dense regular arrays of solid-state nanopores. Moreover, the use of oxidized Si substrates enables us to precisely control the depth of the nanopores since the engulfment of Pt nanoparticles stops above the SiO x /Si interface. Using the engulfment of Pt nanoparticles into oxidized Si substrates, we fabricated dense arrays of through-hole nanopores in a freestanding SiO 2 layer with sub-30 nm pore diameter. With its simple operation, our fabrication method provides an alternative for rapid patterning of dense arrays of solid-state nanopores at low-cost.
